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Role and identification of protein kinase A anchoring proteins monophosphate (cAMP) binding to the R subunits in-
in vasopressin-mediated aquaporin-2 translocation. The anti- duces dissociation of the catalytic subunits, which then
diuretic hormone arginine vasopressin (AVP) regulates water phosphorylate their substrates. Most mammalian AKAPsreabsorption in renal principal cells by inducing a cAMP/pro-
bind regulatory RII subunits. Exceptions are D-AKAP1,tein kinase A-dependent translocation of water channels [aqua-
D-AKAP2, HT31, and AKAP79, which in addition bindporin-2 (AQP2)] from intracellular vesicles into the apical cell
membranes. Using primary cultured rat inner medullary collect- RI subunits [2–6].
ing duct (IMCD) cells, it has been shown that AQP2 transloca- The N termini of the dimerized regulatory RII sub-
tion in response to AVP stimulation occurs only if protein kinase units bind to an amphipathic helix in the AKAP. ThisA (PKA) is anchored to PKA anchoring proteins (AKAPs),
PKA binding motif is structurally conserved within thewhich are present in various subcellular compartments. The
AKAP family. In contrast, the amino acid sequencesidentity of the AKAPs involved has not yet been elucidated.
One potential candidate is a new splice variant of AKAP18, within the amphipathic helices in the AKAP family are
namely AKAP18. not conserved [7]. Peptides corresponding to the amphi-
pathic helix of the AKAP Ht31 efficiently compete for
RII binding [8], and coupling of the peptides to stearic
The binding of a great variety of hormones to different or myristylic acid renders them membrane permeable.
cell surface receptors stimulates synthesis of the second- Both types of Ht31-derived peptides have been widely
messenger cAMP, which, in turn, activates protein kinase used to inhibit the AKAP-PKA association within cells
A (PKA). It remains elusive how the diffusible second- and to study the functional significance of the effect of
messenger cAMP and PKA, an enzyme with a broad global redistribution of PKA [7, 9, 10].
substrate specificity, elicit cell type-specific responses. In addition to tethering PKA, some AKAPs bind other
This issue becomes even more complicated in polarized signaling enzymes. AKAP79 and AKAP250 (gravin)
epithelial cells, for instance, in the kidney collecting duct. bind both protein phosphatase 2B (calcineurin) and pro-
Here, blood-borne signals at the basolateral cell mem- tein kinase C (PKC) [11, 12]; both AKAP149 and
brane stimulate a cAMP/PKA-dependent response that AKAP220 bind protein phosphatase 1 in addition to PKA
becomes manifest at the apical cell membrane. One [13, 14]. These AKAPs therefore serve as scaffolds for
mechanism that adds to the specificity is the targeting enzymes controlling the phosphorylation status of cer-
of PKA to distinct subcellular sites by PKA anchoring tain substrates adding to the specificity of a cellular re-
proteins (AKAPs) [1]. The AKAP/PKA complexes could sponse elicited by a cAMP-dependent stimulus [15].
serve as sensors for cAMP and maintain PKA at the
site of action, where it has limited access to a subset of
VASOPRESSIN-MEDIATED TRANSLOCATIONphysiological substrates.
OF AQUAPORIN-2 REQUIRES THEProtein kinase A anchoring proteins bind on one side
TETHERING OF PKA TO AKAPsto a subcellular compartment (through a unique targeting
domain) and on the other to the inactive PKA holo- Vasopressin is one example of a hormone that initiates
enzyme consisting of a dimer of regulatory subunits (R) its action by binding to receptors (vasopressin V2 recep-
and two catalytic subunits, each bound to a regulatory tors [16]) located in the basolateral cell membrane and
subunit. Activation of the enzyme by cyclic adenosine- activation of PKA. It regulates water reabsorption in
renal principal cells by inducing a cAMP-dependent
translocation of water channels [aquaporin-2 (AQP2)]Key words: AKAP18, water reabsorption, renal channels, cAMP/PKA,
translocation, cell signaling, phosphorylation. from intracellular vesicles primarily into the apical cell
membranes [17]. The translocation of AQP2 apparently 2001 by the International Society of Nephrology
446
Klussmann and Rosenthal: AKAPs in AQP-2 translocation 447
requires its phosphorylation at Ser 256 by PKA [18].
The finding that PKA catalytic activity copurified with
AQP2-bearing vesicles [19] led to the hypothesis that
PKA may be targeted to AQP2-bearing vesicles by
AKAPs, and that this anchoring is functionally important
for the translocation of AQP2 to the cell membrane. To
test this hypothesis, a recently established model of rat
primary cultured inner medullary collecting duct (IMCD)
cells was used [20]. Using the RII overlay technique [21],
we initially investigated whether AKAPs are present in
a subcellular fraction enriched for intracellular vesicles,
including AQP2-bearing vesicles. This technique takes
advantage of the autophosphorylation of regulatory RII
by catalytic PKA subunits, which occurs in the process
of activation of the kinase by cAMP. Regulatory RII
subunits are radioactively labeled by incubation with
[-32P]ATP and catalytic subunits. They are subsequently
added to nitrocellulose filters onto which the proteins of
interest have been blotted. AKAPs retain their capability
of RII binding after blotting and can therefore be de-
tected. In IMCD cell fractions enriched for AQP2-bear-
ing vesicles or cell membranes, several AKAPs specific
to these different particulate fractions were detected
[22]. At present, we are attempting to immuno-isolate
AQP2-bearing vesicles and to investigate whether these
contain AKAPs.
To functionally test whether AKAPs play a role in
the translocation of AQP2, primary cultured IMCD cells Fig. 1. Detection of protein kinase A anchoring proteins (AKAPs) in
soluble (S) and particulate (P) fractions derived from primary culturedwere incubated with the anchoring inhibitor peptide
rat renal inner medullary collecting ducts (IMCDs). The cells wereHt31 coupled to stearic acid. Preincubation with this mem- cultured as described by Maric, Oksche, and Rosenthal and homoge-
brane permeable peptide strongly inhibited the arginine nized in a glass/teflon homogenizer in phosphate-buffered saline [20].
Nuclei and cell debris were removed by centrifugation at 1000  g forvasopressin (AVP)-induced translocation of AQP2, indi-
10 minutes. The homogenates were centrifuged at 100,000  g for onecating that not only the activity of PKA but also its hour to obtain particulate (pellet) and soluble (supernatant) fractions.
tethering by AKAPs is a prerequisite for the transloca- Proteins (30 g/lane) were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE; 12%) and blotted ontotion [22].
nitrocellulose membranes. Regulatory type II subunits were radioac-
tively labeled by incubation with [-32P]ATP and catalytic protein kinase
A (PKA) subunits and added to the filter-bound proteins [21]. TheIDENTIFICATION OF AKAPs POTENTIALLY experiment shown in the left panel was carried out in the presence of
INVOLVED IN AQP2 TRANSLOCATION the control peptide Ht31-P (10 mol/L). The experiment shown in
the right panel was carried out in the presence of the peptide Ht31
In an attempt to identify the AKAP(s) involved in (10 mol/L), which inhibits the binding of regulatory PKA subunits to
AKAPs. Signals were detected by exposure of the filters to phosphoi-AVP-mediated AQP2 translocation, a rat kidney cDNA
mager plates and subsequent scanning of the plates in a phosphoimagerlibrary was screened, and a partial cDNA clone was
(STORM820; Molecular Dynamics, Sunnyvale, CA, USA).
obtained. Additional 5 sequence information was ob-
tained by 5RACE-PCR experiments. The open reading
frame of the partial cDNA encodes a protein that shares
an amino acid sequence identity of 80% with the human late fractions derived from primary cultured IMCD cells
AKAP18, but is longer than AKAP18. The RII bind- also suggest the presence of several AKAPs in the solu-
ing site is identical in both proteins. Therefore, the new ble fraction (Fig. 1). The overlay in the left panel was
cDNA most likely represents a new splice variant of carried out in the presence of a control peptide (Ht31-P),
AKAP18 [23, 24], which has been named AKAP18 [25]. which does not inhibit the binding between RII subunits
Interestingly, in Western blot experiments, an antibody and AKAPs. The overlay in the right panel was carried
generated against a peptide derived from the C terminus out in the presence of the anchoring inhibitor peptide
detected two bands (42 and 45 kD) in soluble and partic- Ht31. The remaining 55 kD bands in the right panel
ulate (total membrane) fractions of IMCD cells. In addi- represent regulatory RII subunits, while the identities
of the weak bands (55 kD) are unknown. The presencetion, RII overlay experiments over soluble and particu-
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several AKAPs in both fractions with similar molecular
weights as those detected in soluble and particulate frac-
tions from primary cultured IMCD cells, underlining that
these cells constitute a suitable model system to search
for AKAPs that are potentially involved in AQP2 trans-
location (Fig. 2). At present, a possible involvement of
AKAP18 in AQP2 translocation is being investigated.
In addition, efforts are being undertaken to identify the
AKAPs detected in the RII overlay experiments.
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